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Abstract
The combined effect of neutrino flavor oscillations and neutrino magnetic mo-
ment on neutrino-electron scattering is discussed. It is shown, that if the tau neu-
trino has a (large) magnetic moment and can oscillate into a neutrino of another
flavor it can be used for a sensitive search for νµ(νe) → ντ neutrino oscillations
and the tau neutrino magnetic moment in neutrino -electron scattering experi-
ments. The combined limits on the mixing angles and the tau neutrino magnetic
moment sin22θµτ × µ2ντ < 1.1 × 10−18µ2B and sin22θeτ × µ2ντ < 2.3 × 10−18µ2B for
∆m2 > 10 eV 2 are presented based on results of a study of the neutrino-electron
elastic scattering at LAMPF. For νµ → ντ oscillations, this would results in sen-
sitive limit of sin22θµτ < 4× 10−6, assuming the tau neutrino magnetic moment
being equal to the present experimental limit of 5.4 × 10−7µB. The tau neutrino
magnetic moment would be constrained to µντ < 1.0× 10−8µB , assuming the ex-
istence of νµ → ντ oscillations with the mixing angle sin22θµτ equal to the present
experimental limit of 0.01 for ∆m2 > 10 eV 2. Under similar assumptions the cor-
responding limits for νe → ντ oscillations could be set to sin22θeτ < 8× 10−6 and
µντ < 3.9× 10−9µB .
In the Standard Model(SM) the properties of neutrino are strictly defined: it is a
massless particle with zero electric charge and magnetic moment. Beyond the SM a
nonzero mass of the neutrino is required for Grand Unified Theories (for review see e.g.
[1]). In addition, massive tau neutrinos are natural candidates for the hot component
of the dark matter of the Universe. It is generaly assumed that massive neutrinos could
manifest themselves through the effect of neutrino oscillations first postulated by Pon-
tecorvo [2] a long time ago. Nonzero electromagnetic properties of the neutrino have
also been discussed in many extensions of the SM [1]. In its simplest extension, for ex-
ample, neutrinos may have masses and acquire a magnetic moment through radiative
corrections [3, 4]:
µνi =
3eGFmνi
8
√
2pi2
= 3.2× 10−19(mνi/1 eV )µB (1)
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where GF is the Fermi constant, µνi(i = 1, 2, 3) is the neutrino magnetic moment, mνi
is the Dirac neutrino mass eigenstate and µB = e/2me is the Bohr magneton. This
model, however predicts neutrino magnetic moments which are too small to give any
observable effects discussed in the present paper. Some models predict for the neutrino
magnetic moment values as large as 10−10µB, see e.g. ref.[5], which are large enough to
be observed through neutrino electromagnetic interactions.
At present the νµ → ντ and νe → ντ neutrino oscillations are a subject of a search at
the CERN SPS wide-band neutrino beam by the CHORUS and NOMAD experiments
[6, 7]. These searches are based on the appearance of tau neutrinos in a beam of muon
neutrinos and requires detection of the ντ charged current interaction
ντN → τ−X (2)
The intrinsic fraction of ντ ’s in the beam is expected to be negligibly small (∼ 10−6).
Two methods are used to detect reaction (2). The CHORUS collaboration adopted the
method based on the direct observation the τ decay topology. In the NOMAD experiment
a search of an apparent non-conservation of transverse momentum due to undetected
neutrinos in τ decays is used [8].
In this note we show that combined existence of νµ → ντ and/or νe → ντ oscillations
and a (large) nonzero magnetic moment of the tau neutrino would increase the total rate
of events in νµ(νe) neutrino- electron scattering experiments. This effect could be used
for a sensitive search for these combined properties of the tau neutrino in the reactions
of neutrino - electron scattering.
Assuming that a muon neutrino beam has a component of tau neutrinos due to
νµ → ντ oscillations. Then if magnetic moment of the ντ exists, it will contribute to a
non-coherent part of the ντe
− scattering cross section via the reaction that change the
helicity of the tau neutrino (hence right-handed neutrino states should exist) [9]. This
might result in observable deviations from purely νµe
− electro-weak reaction which is
well predicted by the SM. Indeed, since the electromagnetic cross section is orders of
magnitude larger than the weak cross section, even a small fraction of tau neutrinos
with nonzero magnetic moment in the muon neutrino beam could lead to an observable
effects in νµe
− scattering, while the magnetic moment of muon neutrino could be small
enough to contribute effectively to νµe
− scattering.
The neutrino-electron scattering process via magnetic moment has a cross section
[9]:
dσµ
dy
=
piα2
m2e
µ2ν
µ2B
1− y
y
(3)
where y = Ee/Eν , and µν is the neutrino magnetic moment. The production rate
of isolated electrons via ντe
− scattering in the detector depends also on the probability
to find a ντ neutrino in the neutrino beam. This probability can be calculated from the
neutrino survival and transition probabilities.
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Consider first the case of a mixture of three massive neutrinos
νl =
3∑
i=1
Uliνi, (4)
Here νl, νi are the fields of the neutrino with flavor l and mass mi, respectively and U
is a unitary mixing matrix. Ignoring possible CP violation, for the probability of the
transition νl → νl′ we have[10]
P (νl → νl′) =
∣∣∣δll′ − 4
∑
i>j
Ul′iUl′jUliUlj × sin2
∆m2ijL
4Eν
∣∣∣ (5)
where l, l′ = e, µ, τ , L is the distance between the detector and the neutrino source and
∆m2ij = |m2i −m2j |.
In case of two-neutrino mixing, e.g. νµ → ντ , neutrino states evolve with a time t as
|ν > (t) = a(t)|νµ > +b(t)|ντ > (6)
where |νµ > and |ντ > denote weak eigenstates of νµ and ντ neutrinos, and a2(t), b2(t)
are the probabilities to find νµ or ντ in the beam at a given moment t, respectively. It
is assumed that a2(0) = 1 at t = 0. The probability b2(t) depends on the parameters of
νµ − ντ oscillations as :
b2(t ≃ L
c
) = P (νµ → ντ ) = sin22θµτsin2∆m
2L
4E
(7)
or
P (νµ → ντ ) ≈ sin22θµτsin2 1.27∆m
2(eV 2)L(km)
E(GeV )
(8)
where sin22θµτ is the mixing angle, and ∆m
2 = ∆m2
32
.
Now, if an experiment sets a limit on a magnetic moment of the neutrino µν < µ0,
we may write in the general form the following equation, taking into account neutrino
oscillations between different neutrino flavors and nonzero magnetic moment of the neu-
trinos:
∑
l,l′=e,µ,τ
fνl × [1− P (νl → νl′)]× µ2νl + fνl × P (νl → νl′)× µ2νl′ ≤ µ20 (9)
where fνl is a factor corresponding to the flux of the νl-neutrino at the source, and
the fluxes are normalized to 1 =
∑
fνl. Here we assume that detection efficiencies for
electrons produced in νle
− scattering are the same for neutrino of all three flavors.
Note, that limit (9) is set based on an agreement between observed cross section in νe−
scattering experiment and SM expectations. The νµ → νe oscillations could also affect
the observed νe cross section because of the difference in cross sections for νee
− and
νµ(ντ )e
− scattering. However, according to the present data on νµ → νe oscillation from
the LSND experiment, P (νµ → νe) ≈ 3 × 10−3 for (large) ∆m2 > 10 eV 2 [11]. This
3
could shift the νµe
− cross section by at most 1%, which is small in comparison with
the statistical and systematic errors of the experiments discussed below. More detailed
discussions of the effect of neutrino flavor oscillations on νe− scattering can be found in
ref. [12]. We will ignore this effect to avoid complication of our formula (9).
The best limit on neutrino magnetic moment was obtained from the experiment on
study of the νee
− elastic scattering at LAMPF, ref. [13, 14], and was confirmed by the
CHARM II experiment at CERN at much higher energy, ref.[15]. The average L/E ratio
was ≈ 0.3 in ref.[13, 14], and ≈ 0.05 in ref.[15].
The upper limits on µνµ and µνe from the LAMPF experiment was obtained using
the following equation ( ref.[14], Eq.(23))
µ2νe + 2.1× µ2νµ ≤ µ20 = 1.16× 10−18µ2B (10)
and therefore
µνµ < 7.4× 10−10µB (µνe = 0) (11)
µνe < 10.8× 10−10µB (µνµ = 0) (12)
Taking into account νµ(νe) → ντ oscillations Eq.(10) can be rewritten in the form
similar to Eq.(9)
[1− P (νe → ντ )]× µ2νe + P (νe → ντ )× µ2ντ
+ 2.1× [1− P (νµ → ντ )]× µ2νµ + 2.1× P (νµ → ντ )× µ2ντ ≤ µ20 (13)
which can be used to obtain combined limits on the probability of νµ(νe)→ ντ oscillations
versus tau neutrino magnetic moment:
P (νe → ντ )× µ2ντ + 2.1× P (νµ → ντ )× µ2ντ ≤ 1.16× 10−18µ2B (µνe = µνµ = 0) (14)
P (νe → ντ )× µ2ντ ≤ 1.16× 10−18µ2B (P (νµ → ντ ) = 0, µνe = µνµ = 0) (15)
P (νµ → ντ )× µ2ντ ≤ 5.5× 10−19µ2B (P (νe → ντ ) = 0, µνe = µνµ = 0) (16)
From Eqs.(15,16) combined limits on the mixing angles and tau neutrino magnetic
moment for ∆m2 > 10 eV 2, which corresponds to the large ∆m2 region in the LAMPF
experiment can be derived
sin22θeτ × µ2ντ ≤ 2.3× 10−18µ2B (17)
sin22θµτ × µ2ντ ≤ 1.1× 10−18µ2B (18)
Assuming the tau-neutrino magnetic moment to be equal to the present experimental
limit of 5.4×10−7µB from the BEBC experiment at CERN, ref.[16], the following limits
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on the oscillation probabilities P (νe → ντ ), P (νµ → ντ ) and mixing angles sin22θeτ ,
sin22θµτ can be obtained from Eqs.(15,16,17,18), respectively
P (νe → ντ ) < 4× 10−6 (19)
sin22θeτ < 8× 10−6 (20)
P (νµ → ντ ) < 2× 10−6 (21)
sin22θµτ < 4× 10−6 (22)
Under assumption of the existence of neutrino oscillations with mixing angles equal to
the present experimental limits of sin22θeτ = 0.15 obtained from νe → νx disappearance
reactor experiments in Bugey [17] and in Krasnoyarsk [18], or sin22θµτ = 0.01 for νµ →
ντ , obtained from the exclusion plot of ref.[19] for ∆m
2 > 10 eV 2, the following upper
bounds on the magnetic moment of the tau neutrino can be derived from Eqs.(17,18):
µντ < 3.9× 10−9µB (νe → ντ ) (23)
µντ < 1.0× 10−8µB (νµ → ντ ) (24)
In (23), no distinction has been made between νe and νe. The exclusion regions in
the (sin22θeτ , µντ/µB) and (sin
22θµτ , µντ/µB) planes obtained from Eqs.(17,18) are
shown in Figure 1,2 , respectively. Experimentally excluded regions for µντ , sin
22θeτ
and sin22θµτ are also indicated.
Assuming the existence of νµ → ντ neutrino oscillations with mixing angles sin22θµτ
equal to the present experimental limits of 3.5×10−3 from the CHORUS [20], or 3.7×10−3
from the NOMAD [21] experiments, the limit of
µντ < 1.8× 10−8µB (νµ → ντ ) (25)
can also be obtained, however for the mass region ∆m2 > 1000 eV 2.
Using the upper limit on muon neutrino magnetic moment from the CHARM II
experiment [15] one can obtain limits on P (νµ → ντ ), sin22θµτ and µντ of the same
order as the limits (21),(22), and (24), respectively. Note that to separate an oscillation
signal from magnetic moment scattering in νe− reaction one can look at its energy or
distance dependence. For example, the probability of oscillations changes as a E−2ν for
small ∆m2, while the integral cross section for the magnetic moment scattering varies
only logarithmically with Eν .
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Figure 1: The exclusion regions for combination of νe → ντ oscillations and tau neutrino
magnetic moment µντ in the (sin
22θeτ , µντ/µB) plane. Light shaded area is excluded
by this analysis based on the LAMPF results on νe− scattering [13, 14]. Dark shaded
area corresponds to the experimentally excluded regions µντ > 5.4 × 10−7µB [16] and
sin22θeτ > 0.15 [17, 18]. The limits are valid for ∆m
2 > 10 eV 2.
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Figure 2: The exclusion regions for combination of νµ → ντ oscillations and tau neutrino
magnetic moment µντ in the (sin
22θµτ , µντ/µB) plane. Light shaded area is excluded
by this analysis based on the LAMPF results on νe− scattering [13, 14]. Dark shaded
area corresponds to the experimentally excluded regions µντ > 5.4 × 10−7µB [16] and
sin22θµτ > 0.01 [19]. The limits are valid for ∆m
2 > 10 eV 2.
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